because Mulholland's approach has merit, can be used
to describe ecosystem diversity in another way and
enables discussion of the Shannon-Weaver equation,
I will present his model before going into what is

meant by stability.

Mulholland used a compartment model (shown
below; his Fig. 1) connected by energy flow channels

to demonstrate his idea.

The compartments (i.e., populations of species
L)

- ~N
in different trophic levels; again recall that
occupancy of trophic positions by a species is time
varying, something not considered by Mulholland, but

must be in future work), Xyr Xor o . X, are

n
shown at two times tl' and t,. The percentage of

total energy flow through the system at tl'
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passing through X, = Qi and Pj = percentage of total
energy throughput at t, passing through xj. The per-
centage of total energy flow through X that passes
to xj between t1 and t2 = fij' The relations among
these variables are described by

P) = £1] Q1 (19)

=1

bt Z

At tl' without any structural food web information,

the energy throughput diversity is
N
D =-1 Q. log Qi (20)
i

This is the uncertainty of how energy from given sources
is apportioned among n compartments. If log2 is used
the uncertainty can be thought of as the number of bits
of information (i.e., number of yes-no questions that
must be asked) necessary to determine with unit
probability where the next unit of energy passing into
x; came from. Clearly, the maximum information is

required where there is equal probability that the unit

O e ‘T 10 07, AN TSP o 4 S0

of energy came from each sQurce. Mathematically this
i85, for n-sources, log2 n. The minimum, zero, is when b

there is only one source possible.

v

If the food web structure is known (i.e., increased

information base), a quantity known in information

theory as the average mutual information, I, can be
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used to measure the uncertainty resolved by that
" knowledge.
5 N N N
1 T ) £..0. 1o If.. /7 Lk RO Y (21)
I k=1 j=1 KJ K k) jey 4374

The measure of the average remaining uncertainty about

energy sources at t2 is called conditional entropy,

[ ek

S, and is calculated as

S ow Iy =T (22)

Mulhollan argued that S ". . . is equivalent to the
effective choice of pathways for energy flow. Thus,
a measure of the remaining uncertainty . . . [and]

. . . a measure of effective choice, and hence a use-
ful index of stability. It is also clear that the
complexity of the food web reflects the opportunities

for choice of path."

Orians (1975) listed seven meanings for stability.
He pointed out that the terms were not intended as

a classification system. These terms are:

1. .Constancy - a lack of change in some parameter

§
?
!
]
!
i

of a systam . . .«

2. Persistence - the surv;val time of a system

or some component of it.

3. Inertia - the ability of a system to resist

e ———

external perturbations.
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4. Elasticity - the speed with which the system
returns to its former state following a

perturbation.

5. Amplititude - the area over which a system

is stable (also known as global stability;

the distance it can be displaced and still

return) .

6. Cyclic stability - the property of a system
to cycle or oscillate around some central

point or zone.

7. Trajectory stability - the property of a
system to move towards some final end point
or zone despite differences in starting

points.

Stability of a system must be considered in terms
of its environment. Ecosystems have evolved various
mechanisms of stability relative- to the sresses their
species have encountered over evolutionary time. Thus,
we should not expect stability when new forces are applied

to our ecosystem (e.qg., pq{lution).

I will conclude the comments on stability (Table

1; Orians 1975) of environmental factors and species

v

characteristics that appear to increase stability.
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A. Persistence

1.

31

Environmental heterogeneity in space and

time

Large patch sizes

Constant physical environment

High resource utilization thresholds of

predators

B. Inertia

1.

Environmental heterogeneity in space and

time

Greater phenotypic diversity of prey
Multiplicity of energy pathways
Intraspecific variability of prey
Hi§h mean longevity of individuals of

component species (Frank, 1968)

C. Elasticity

l.
2.

High density-dependence in birth rates
Short life cycles of component species

Capacity for high dispersal

‘Strong migratory tendencies

Generalized $Qraging patterns

D. Amplitude

1.
2,

Weak density-dependence in birth rates
Intraspecific variability of component
species

Capacity for long-distance dispersal




4. Broad physical tolerances

5. Generalized hérvesting capabilities
6. Defense against predators not dependent
on a narrow range of hiding places

E. Cyclic Stability

M 1. High ;ésource—utilization thresholds

2. Long lag times in response of species to
changes in resource availability

3. Heterogeneity of environment in space and

time

F. Trajectory Stability
1. Strong organism-induced modifications of
the physical environment

2. All factors increasing elasticity.

Even the simplest communities and ecosystems are
extremely complex in structure and behavior. Structural
and behavioral attributes are also time varying. Thus,
complexity has both spatial and chronological com-
ponents. Modern ecology is actively addressing
functional attributes of ecosystems, but in most instances,

»

our knoﬁinge of structurexis inadequate to support

Al

. seme |

development of testable theories relating to function

——1

and structure. There are numérous concepts, but
relatively few falsifiable theories at the community-
! ecosystem levels. Development of these theories and

. testing them are essential prerequisites for development
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of appropriate land planning and resource management
strategies, and construction of predictive computer

models (e.g., WQAM).

We must have time-varying baseline data on structure
and dynamics of ecosystems collected under the time-
varying regime of &ﬁeir forcing functions. The guantity,
quality, and predictability of the inputs under which
the systems have evolved must be studied simultaneously
with the structure and behavior. Such studies should
be conducted by personnel representing biological and
physical sciences (e.g., chemistry, physics, hydrology,

meteorology, geology), and engineering.
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TABLE 2--Trophic Relations
) General : y
General category particle size Subdivision based
based on feeding range of food on dominant
mechanism (microns) food
|
Chewers and miners |
% i
Shredders >10 \
Chewers and miners i
2 H
|
Filter or suspension
feeders
3
1 Collectors <10
1 Sediment or deposit
.; (surface) feeders
i
k| Mineral scrapers
3
Scrapers <10
Organic scrapers
Swallowers
3
Predatora >10
! Piercers




of Aquatic Insects

Subdivision based
on dominant
food

67b '

North American aquatic insect
taxa containing predominant
examples

Herbivores, living
vascular plant
tissue

Detritivores (large
particle detriti-
vores): decom-
posing vascular
plant tissue

Herbivore-detriti-
vores: living
algal cells, de-
composing organic
matter

Detritivores (fine
particle detriti-
vores) : decom-
posing organic mat-
ter

Herbivores: algae
and associated
material (peri-
phyton)

Herbivores: algae
and associated
material (peri-
phyton)

Carnivores: whole
animals (or parts)

Carnivores: cell
and tissue fluids

Trichoptera (Phryganeidae, Leptoceridae) !
Lepidoptera

Coleoptera (Chrysomelidae) ",

Diptera (Chironomidae, Ephydridae) ‘

Plecoptera (Filipalpai) |

Trichopter (Limnephilidae, Lepidostoma-
tidae)

Diptera (Tipulidae, Chironomidae)

Ephemeropter (Siphlonuridae) i
Trichoptera (Philopotamidae, Psycho-
myiidae, Hydropsychidae, Brachy-

centridae)
Lepidoptera
Diptera (Simuliidae, onomidae,

Culicidae) |
Ephermeroptera (Caenid ¢ [ pliemeridae,

Leptophlebiidae, Bae( daie, Ephemerel-
lidae Heptageniidae)

Hemiptera (Gerridae)

Coleoptera (Hydrophilidae)

Diptera (Chironomidae Ceratopogonidae)

T e

Ephemeroptera (Heptageniidae Baetidae,
Ephemerellidae)

Trichoptera (Glossosomatidae, Helico-
psychidae, Molannidae, Odontoceridae,
Goreridae)

Lepidoptera-

Coleoptera (Elmidae, Psephenidae)

Diptera (Chironomidae, Tabanidae)

Ephemeroptera (Caenidae, Leptophlebiidae,
Heptageniidae, Baetidae)

Heniptera (Corixidae)

Trichoptera (Leptoceridae)

Diptera (Chironomidae)

Odonata

Plecoptera (Setipalpia)

Megaloptera P

Trichoptera (Rhyacophilidae, Polycen-
tropidae, Hydropsychidae)

Coleoptera (Dytiscidae, Gyrinnidae)

Diptera (Chironomidae)

Hemiptera (Belastomatidae, Nepidae,
Notonectidae, Naucoridae)

Diptera (Rhagionidae)

—— .-_‘ﬁ-‘ﬁﬂ“n------.--‘--'




68

Cummins' (1973) summarized the knowledge con-
i cerning trophic relations of aquatic insects as

follows:

"Freshwater ecosystems of the temperate
zone might be generalized as having a reasonably
constant biomass of macrobenthic animals, domi-
nated by aquatic insects (plus mollusks, arnelids,
and crustaceans), which is turning over at a
rate controlled primarily by temperature, seasonal
temperature adjustments being much less pronounced
in running waters in which a very significant
amount of feeding and growth occurs in the fall
and winter. The temperature control of biomass
turnover is mediated primarily through the
positive correlation between temperature and
feeding rate and temperature and respiation;
thus, the ratio of feeding, or respiration, to
growth is fairly constant. The aquatic insects
are supplied with consistent and abundant food
supplies of similar caloric and protein content.
Their assimilative efficiency is independent
of temperature over wide ranges and fairly
constant over the broad range of food gquality
normally ingested (predators may have a higher
efficiency than herbivore-detritivores, 70).
Food resources are partitioned on the basis
of particle size and whether active (prey),
stationary (periphyton, vascular plants, deposited
detritus), or in suspension (plankton and fine
particle detritus in standing waters, particulate
drift in streams and rivers). Within any general
food compartment, specific utilization is
determined by temporal and microspatial isolation
of potential competitors - size (age) groups of
a large number of species that are all trophic
generalists within the particle size ranges |
that they are capable of ingesting. Although ("
the data on aquatic in%ects are not extensive £
enough to determine the validity of all aspects
of these generalizations, the information at {
hand supports the contention that most aquatic
insects are best termed polyphagous or generalists-
and that availability, most frequently delineated
by food particle size and texture, is the key "~
to trophic relationships among aquatic insects."
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The data in Cummins' (1973) Table 1 and his preceding
statement represent only a beginnning in trophic

- analyses of stream ecosystems necessary to establish
a data base for biocaccummulation studies, for pollution-

effect studies and development of WQAM-type models.

\.

In regard to management strategies of stream

ecosystems, Cummins (1973) has well-articulated several:

"The fundamental problem in stream manage- ';
ment is clearly 'water quality,' in the broad
sense meaning system quality. Regardless of
definition, here lies the challenge-interfacing,
in compatible fashion, the self-perpetuating
structure and function of running water ecosystems
with selfish, 'natureless' human goals. Water
quality is, in fact, always defined in reference
to these goals. For example: Will the system
support a particular sport fishery? Will it
be a habitat where noxious and pathogenic
organisms will flourish? Will it decompose
organic wastes or serve merely as an export
conduit?

From the data at hand, two points seem
clear. First, the maintenance of water quality
necessitates the continuance of certain relation-
ships between CPOM, FPOM, and DOM together
with the involvement of critical functional
ecological groups of both micro- and macro-
organisms. Second, unless about one third of
the total organic matter input (about one half
of the POM) is processed, i.e., converted to i
CO2, annually by the stream system and unless '
in-stream plant growth remains subservient f
to terrestrial organic matter as the 'fuel' |
to drive the system, the stream in question ¢
probably has impared water quality. i

i
|
!
|

In general, the differences between relatively
undisturbed woodland streams, characterized
by high processing efficiency, and 'organically
enriched' or 'polluted' running water systems
of similar dimensions are the size distribution
of the organic particles that enter the stream,

|
ﬂ




70

timing of the inputs, POM retention characteristics
of the system, temperature and nutrient regimes,
and the presence of key functional groups of
organisms. Where appropriate options exist,

’ management strategies should be developed and
implemented based on available stream ecosystem
theory . . . Water quality'status should be
monitored through recognition of the continued
appropriate relationships between CPOM, FPOM, DOM,
and micro- and macroorganisms.

*

It is not presently known whether the
efficiency with which organic matter is
processed in streams can be increased above
reported levels (Fisher and Likens 1973, Sedell
et al. 1973). Since so few systems have been
studied in-a fashion permitting comparison,
the range of natural efficiencies has yet to
be established - clearly, comparison of streams
at opposite ends of such a spectrum would be
most instructive."

Cummins then suggested three management strategies
that singly or in combination offer promise. These

are:

1. changes in the physical nature of the
running water systém - light (e.g. artifical
shading), temperature, aeration, POM reten-
tion characteristics, etc.,

2. changes in organic inputs, particularly
particle size distribution; and

3. changes in the biéta,'for example shredder

population densities.

Streams with a history of processing a particular
regime of organic matter should not be expected to

process a new regime and still maintain its present




water quality in terms of ". . . natural organic

matter processing rates" (Cummins 1974).

It is obvious to ecologists that stream ecosystems
must be studied in terms of their physico-chemical
characteristics, biotic diversity in spatial and
species terms and nature of their organic inputs
simultaneously. Such studies will give a data base
of extant "natural" conditions of various order streams.
These "natural" conditions represent extant stream
quality and can be used to compare similar streams
traversing Air Force bases to assess their quality.
Also, such baseline data relating stream dynamics

to inputs can be used in development of WQAM.

Essentially, defining stream quality is a
problem facing ecologists, environmental engineers,
various local, state and federal agencies, etc.,
involved in maintaining overall water quality. Rather
strict standards exist for drinkigg water quality,
water used for contact sports, etc., but "ecological
water quality" standards are not yet set. Numerous
workers héye suggested usi;3 stream biota as indicators

of pollution/water quality. The rationale for this

was summarized by Goodnight (1973):

"The determination of water quality by use
of chemical and physical tests is widely used
and has certain values. Such tests can give,




have

4 good

; Most

say,

12

among other facts, an immediate picture of whether
or not oxygen is being depleted or if the pH

of the water has been radically changed. Such
data are of immediate value, but have their
drawbacks, chief of which is the fact that they

do not detect occasional pollution. Intermittent
pollution, though not readily discernible by
chemical and physical tests, does have its effect
upon the aquatic biota.

.

In general, "animals and plants are much
more sensitive to changes within their environ-
ment than are such tests; thus they may respond
strongly to even very small amounts of pollutants.

A single series of samples of the biota
may give a summation of the water conditions
over a past period of time (Hynes, 1963). A
chemist, on the other hand must make a series
of tests over several days, weeks, or even
months to obtain average values. Even such
average values are not as important as the
extreme conditions which may occur and may be
missed by periodic sampling. A toxic substance,
impossible to find in a chemical analysis, will
show its effects upon the animal community long

after it has been carried downstream by the curreant.

Like any type of tests, biological tests
do have their limitations. The chief one is
that often only a trained biologist can inter-
pret the data with assurance. Such data, when
obtained, also can not identify the specific
chemical involved, though often the difference
between organic and inorganic poisonous materials
can be distinguished.

Once it is decided that biological tests
of water quality are superior to chemical or
physical tests, the problem is one of deciding
what members of the biota are most significant."
Wilhm (1967) and Goodnight (1973) and others
suggested that macroinvertebrates should be
indicators of stream pollution/water quality.

benthic macroinvertebrates are less motile than,

fish and ". . . their habitat preference . . .




73

cause them to be affected directly by substances which
enter the environment. Chemical surveys indicate
stream conditions only at the time of sampling, but
benthic macroinvertebrate populations can be indicative
both of present and past environmental conditions"
(Wilhm 1967). Wilhm (1967; 1970) summarized species
diversity indices used with macroinvertebrates to
assess stream pollution/water quality. He discussed
many of the indices I have listed on pages 21-23,

and concluded in his 1967 paper that

"Populations of benthic macroinvertebrates
can be used to assess pollution in a stream
receiving organic enrichment. Sampling stations
should be established at various distances below
the pollution outfall. For comparative purposes
samples should be collected in clean areas
either above the outfall or at a sufficient
distance downstream. Sampling methods should
be the same at each station. Also, it should
be remembered that environmental conditions
other than pollution influence the distribution
or organisms.

Data can be summarized clearly and briefly
with a diversity index. The index selected
should be independent of sample size and associated
closely with the wealth of species. 1In the
present study the index which had the highest
coefficient of correlation with numbers of species
and which most effectively distinguished between
the stations was (s - b}/ln N. This equation
is comparatively easy to use. If computer
equipment is available, indices derived from
information theory can be used. These models
include numbers of individuals representing
each species. Expressions of the wealth of
species and of the abundance of one or more =
species are both available. Values obtained
at the various stations can be compared for sta-
tistical differences with a multiple comparisons
test such as Duncan's multiple range test . . .

If a functional expression is desired, organic
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weights or calories of the various organisms can
be related to numbers of species in a dimension-
less diversity equation such as 6. Considerable
information about longitudinal change in com-
munity structure also can be obtained from a
coefficients of similarity table; however, more
effort is required in computing coefficients
than in calculating indices with (s - 1)/1n N."
Goodnight (1973) summarized and compared several
of the biotic systems used to assess stream pollution/
water quality (Saprobien System, American-Modified
Saprobien System, Patrick's Biodynamic Histograms,
Wurtz' "Mode of Life," Beck's Biotic Index, Wilhm's
Species Diversity Index, The Sequential Comparison
Index, Relative Percentage of Oligochaetes to Total
Biota). This paper should be consulted for a brief,
but informative treatment of extant (as of 1973)
biotic methods. The actual "ecological meaning"
of these systems, especially the diversity indices
used by Wilhm (1967; 1970) and Wilhms and Dorris
(1968) returns us to the discussion in Section I; thus
directing the way to future research in stream ecology

and urging us to develop falsifiable theories in

stream ecology.

*\

The oﬁly reasonably comprehensive approach to
stream modeling that is pertinent to the discussion
presented here was by Boling et al. (1975). I will

discuss it in Section III.
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